Background: Diff erent concentrations of the simple carbon substrates i.e. glucose, fructose, and sucrose were tested to enhance the performance of the mediator-less double chamber microbial fuel cell (MFC). Objectives: The power generation potential of the diff erent electron donors was studied using a mesophilic Fe (III) reducer and non-fermentative bacteria Pseudomonas aeruginosa-isolated from municipal wastewater. Materials and Methods: A double chamber MFC was operated with three diff erent electron donors including glucose, sucrose, and fructose. Substrate utilization pattern was determined through chemical oxygen demand (COD) removal rate and voltage generation. In addition, electrochemical, physicochemical, and microscopic analysis of the anodic biofi lm was conducted. Results: P. aeruginosa was proven to eff ectively utilize hexose and pentose sugars through anode respiration. Higher power density was generated from glucose (136 ± 87 mWm -²) lead by fructose (3.6 ± 1.6 mWm -²) and sucrose (8.606 ± mWm -²). Furthermore, a direct relation was demonstrated between current generation rate and COD removal effi ciency. COD removal rates were, 88.5% ± 4.3%, 67.5% ± 2.6%, and 54.2% ± 1.9% with the three respective sugars in MFC. Scanning electron microscopy (SEM) demonstrated that the bacterial attachment was considerably abundant in glucose fed MFC than in the fructose and sucrose operated MFC.
Background
In the last few decades, a demand for the alternative energy sources has been felt worldwide due to depletion of the natural resources. The signifi cance of energyrich waste has led to the emergence of waste driven technologies (1) . In this context, MFC technology is a promising approach with the ability to derive the electrical energy using catalytic (i.e. metabolic) ability of the bacteria from a variety of organic wastes (2) . This proposes an opportunity for the simultaneous wastewater (organic waste liquor) treatment as well as electricity generation.
In MFC the strict/facultative anaerobic bacteria oxidize organic substrates as part of their energy metabolism liberating electrons and protons. Electrons are picked up from bacterial cell surface to the anode directly through pili and fl agella or indirectly via electron shuttles. Subsequently, an electron is conducted towards cathode in order to directly convert chemical energy into electrical energy achieving wastewater treatment. Protons on the other side are transported to the cathode chamber through a proton conducting material like Nafi on membrane (3) or salt bridge where it combines with the electron and oxygen to form water using diff erent biological or chemical catalysts (4, 5) .
Previously, both pure (6) and mixed culture biofi lms (7) have been used for the production of electricity in MFC. Bacterial species such as Rhodoferax ferrireducens (8) , Shewanella (9) and Geobactersul furreducens (10) are able to directly transfer electrons to the anode through c-type cytochromes or nanowires; appendages e.g. pili and fl agella in this context (11) .
The identifi cation of P. aeruginosa from Proteobacteria phylum; as an anode respiring bacteria (ARB) was an important physiological discovery as these bacteria are mesophilic, non-fermentative, and aerobic. In addition to direct electron transfer, Pseudomonas aeruginosa have been reported to use their own electron mediators (e.g. phenazine-1-carboxylic acid, pyocyanin etc.) that enable them to survive under anaerobic condition (12) . Fermentative microorganisms lead to lower columbic effi ciency as electric current due to the reduced recovery of electrons from the substrate. Fermentative bacteria assimilate electrons derived from the substrate into certain primary metabolic products that include organic acids, hydrogen, and alcohols rendering them electrochemically inactive. Mediator-less MFCs have a perspective for the generating electricity from anaerobic sediments and sewage. Numerous studies have been done to improve the architecture and the associated effi ciency of the MFC by enriching bacteria from diff erent habitats (13) .
There are numerous aspects that aff ect the operational effi ciency of MFC such as the type of substrates and loading rate, bacterial metabolism, catalysts, electrodes (surface area and the distance between them), mediators, proton exchange membrane (PEM) etc. (14) . The process optimization and greater application in future require further investigation on these systems. The pure culture MFC is vital in determining the competence of a specifi c bacteria to harvest electric current (15, 16) . A variety of electron donors has been used as substrates in MFC ranging from the simply defi ned substrates to the complex organic mixtures. The defi ned substrates, generally in the form ofl actate, glucose, starch, acetate, sucrose etc., contain an instant source of carbon (17) . The power generated by MFCs may vary depending on the metabolic capability of the electrigenic bacteria, substrate availability and mass transfer ratio (8, 11, 18 ).
Objectives
The main purpose of this study was to enhance the performance of the mediator-less double chamber MFC to generate electrical energy from the simple carbon substratesi.e. glucose, fructose and sucrose with the varied concentrations. The main focus was to analyze the eff ect of diff erent substrates' concentration (1-5 g.L -1 ) as well as type; substrates such as glucose, sucrose, and fructose as an electron donor using nonfermentative bacteria, P. aeruginosa isolated from municipal wastewater. The charge-discharge cycling performances for the MFC using carbon sugars were also tested. The model substrate and optimum concentration were determined by measuring voltage output and COD removal, increase in the MFC energy effi ciency correlates with the optimal electrochemical activity of the bacteria. Additionally, we carried out the detailed electrochemical, physicochemical, and microscopic analysis of the anodic biofi lm to understand MFC performance effi ciency.
Material and Methods

Materials
The analytical grade culture media and chemicals were obtained from Sigma Chemicals Corporations, Oxoid company, UK, DIFCO Laboratories (Michigan, USA), Gas Hub Pte Ltd, Du Pont Company, Fluka chemicals corporations (UK), and Merck (United States). The digital multimeter (model: UT33B; UNI-T) was obtained from Globalmedia Pro (New Zealand).
Double Chamber MFC Construction
Double chamber MFC (Fig. 1) was constructed with two 500 mL plastic bottles (working volume 300 mL) joined with tubes attached to each bottle and membrane chamber. The membrane chamber that holds 25 cm² of Nafi on 115 (Gas Hub Pte Ltd, Du Pont Company 30 cm x 30 cm) was constructed using Plexi glass slab. A circle (26 cm²) was drilled in the middle of plexi slab to hold tubes housing membrane at the mouth; four holes were drilled along the outer dimension of each slab to hold 0.8 cm x 6.3 cm stainless steel screws. The membrane was placed between the mouths of the two tubes with epoxy and sealed together with screw and parafi lm was wrapped around the junction of the tubes. Holes (26 cm²) were drilled through plastic bottles and membrane chamber was affi xed between both bottles and the junction was sealed with epoxy glue. The anode and cathode were 3 × 5 cm² carbon cloths (EC-CC1-060, no wetproofi ng) the electrodes were autoclaved before usage. 10% platinum catalyst layer was coated on the cathode. The copper wire (0.7 millimeters) was connected with the electrode with conductive sealant and inserted into each chamber through the lid.
Bacterial Isolation
The pure culture of Pseudomonas aeruginosa was isolated from the domestic wastewater sample collected from the treatment plant; sector I-9 Islamabad, Pk. The Pseudomon ascetrimide media with a composition per liter of the pancreatic digest of gelatin 20 g.L , and distilled water with a pH adjusted to 7 was used to cultivate P. aeruginosa. During the incubation period, environmental conditions were kept anaerobic using catalysts (Oxoid, UK) and anaerobic jar. Gram staining and biochemical analysis were carried out following the standard procedure.
Biofi lm Formation
For formation of P. aeruginosa biofi lm on the anode, 100 mL nutrient broth was taken in an Erlenmeyer fl ask, cotton plugged, and autoclaved (121 °C at 15 psi for 15 min). One full loop colony of P. aeruginosa was taken and inoculated in the media fl ask and at the same time, carbon cloth (anode) was also dipped in the culture medium for biofi lm development at 37 °C. P. aeruginosa was inoculated in the nutrient broth and carbon cloth was placed in it for the biofi lm formation. The media was refreshed after 3 days and 10% inoculum from the previous trail was added along with anodic biofi lm in the new medium. The biofi lm trial was run for the total of 21 days. ) to create anaerobic conditions. In the cathode chamber, 300 mL of 0.6 mM KMnO 4 was used as catholyte. Each experiment was conducted in duplicate and observations were subjected to statistical analysis. formaldehyde overnight to fi x the samples. Chips of 1 cm×1 cm were cut for SEM analysis. Before observation the anodic materials were collected and immersed in the 5% formaldehyde overnight for fi xing samples, followed by washing with detergent, and drying using the drier. Silver paste conduction (SPI-CHEM) was done on the dried sample to ensure the conduction of the electron beam. Finally, the surface morphology of the biofi lm was observed on the screen under 3000 and 5000 magnifi cation power in 30KV SEM.
MFC Operation with
Measurement and Analysis
Result
Energy Generation with Glucose
At the end of biofi lm formation (21 days) the anodic medium was replaced with a new medium containing diff erent concentrations of glucose as an electron donor and potassium permanganate (K 2 MnO 4 ) as an electron acceptor. A gradual increase in the voltage was observed without any lag phase when 1 g.L -1 glucose was fed into the reactor and reached up to a maximum value of 122.1 mV in 24 h. The voltage declined to 20 mV in 49 h. With each reloading of glucose, the maximum voltage was achieved approximately in 12 h (Fig. 2A) . The increase in the voltage was found to be directly proportional to the glucose concentration from 1-3 g.L -1 . A maximum voltage (i.e. 202 mV) was generated with 3 g.L -1 glucose and sustained for a period of 2-3 h. Beyond 3 g.L -1 glucose, a gradual fall in the cell voltage was observed. At 3 g.L -1 glucose and an external resistance of 100 Ω the power and current densities were 136 mWm -² and 673mAm -², respectively (Fig. 2B). ). However, a sharp increase in voltage was always observed after each reloading of the substrate (Fig. 3A) . The maximum voltage of 33 mV was generated with 3 g.L -1 of fructose and a further increase in the fructose concentration resulted in a signifi cant fall in the cell voltage (Fig. 3B) . The current and power densities at an external resistance of 100 Ω were 100 mAm -² and 3.6mWm -², respectively.
Energy Generation with Fructose
Energy Generation with Sucrose
When MFC with mature P. aeruginosa biofi lm was loaded with 1 g.L -1 of sucrose (disaccharide) the voltage was gradually increased to a maximum value of 45 mV in 12 h. (Fig. 4A) 
Polarization Study
After attaining the stable performance, the eff ect of external resistance on MFC operation was examined by varying the external resistance i.e. from 20 Ω to 80,000 Ω.The data was recorded from each resistor after a stable voltage was established. The power density and polarization curves were achieved from polarization test. Carrying out the polarization study by using 3 g.L -1 glucose has revealed that the maximum power density of 213 mWm -² could be obtained at the external resistance of 1000 Ω when the voltage is set on 770 mV (Fig. 5A) . However, with a concentration of 3 g.L -1 of fructose the maximum power density of 6.84 mWm -² was reached at the external resistance of 2.2 KΩ when the voltage was 212.5 mV (Fig. 5B) . After normalization of power on the surface area of the anode the highest power density of 8.606 mWm -² and the current density of 0.26 mAm -² was recorded with 4 g.L -1 of sucrose at an external resistance of 1000 Ω (Fig.  5C ) when the voltage was 568 mV.
COD Removal
The COD removal was observed during MFC operation with 100 Ω resistance. The extent of COD removal was diff erent with various substrate type (Table 1) ; the maximum of which was 88.5 % with 3 g.L -1 of glucose after 12 h and 91% was achieved with 5 g.L -1
. However, the COD removal with fructose was lesser than glucose with a maximum COD removal of 67.5% in 61 h with 3 g.L -1 of fructose. At 4 g.L -1 of sucrose, stabilized voltage of 79 mV was generated with a COD removal effi ciency of 54.2 % in 24 h. Ali N et al.
SEM Analysis
The bacterial colonization on the anodic surface from glucose, fructose, and sucrose-fed MFCs was analyzed via SEM analysis. A thick smooth coverage of biomass was evident on carbon cloth fi ber in all three SEM images. The bacterial density on anodic biofi lm is a major factor that governs power density in MFC. The microbial attachment was abundant in the glucosefed MFC than fructose and sucrose operated MFC (Fig. 6 ). SEM imaging revealed the morphology of individual cells as most of the cells were rods shaped.
The biofi lm components such as bacterial cells and exopolysaccharides (EPS) matrix are highlighted in SEM analysis (Fig. 6 ).
Discussion
MFC is a sustainable technology that has the potential for treating wastewater with simultaneous generation of electricity. In the recent past, several modifi cations have been made in designing in order to engineer a costeff ective MFC model that could generate high power output along with its practical implication in a large scale (19) . Typically, the two main types of designs are commonly used (i.e. the double chamber and a single chamber, respectively). Double chamber MFC with the separate anode and cathode chambers are employed for studying and optimizing diff erent operational parameters in order to generate the higher electric power outputs (14, 20, 21) . On this basis, the current study has been conducted to evaluate the comparative operational effi ciency of the diff erent electron donors in a double chamber MFC. Various simple to complex substrates has been used as an electron donor (17, 22) for power generation. These include acetate and glucose, galactose, ribose, sucrose, xylose, molasses, cellulose, and whey with varying effi ciencies (23) . Previously, current density has been reported for the single chamber MFC applying glucose (0.07 mAcm -2 ), fructose (0.5 mAcm various electricity generating bacteria can only utilize certain substrates, e.g., Geobacter species are limited to organic acids, ethanol, and aromatic compounds. Pseudomonas aeruginosa was selected in this study for its non-fermentative ability. Under anaerobic conditions, the fermentative bacteria metabolize carbon substrates into certain primary products such as organic acids, and alcohols. This minimizes current generation through MFC due to a lowered columbic effi ciency and limited recovery of electrons from the substrate. In this study when glucose was used as an electron donor in double chamber MFC, a power density of 136 mWm -² was produced with 3 g.L -1 concentration of glucose ( Fig. 2A) . The voltage was gradually increased with an increased glucose concentration (1-3 g.L -1 ), but beyond 3 g.L -1 energy generation was decreased. Similarly, when fructose and sucrose were used as the substrate, the power was gradually increased and appearance of the plateau in the voltage curve occurred at high substrate concentration (Fig. 3A, 4B ). This can be attributed to the substrate inhibition eff ect, as at high concentration most of the substrate remained unconsumed (28, 29) . Initially, the power generation was increased with an increased concentration of electron donor, but, a further increase in concentration did not produce any signifi cant change in the power density. As substrate concentration was increased, constant voltage generation was attained in a shorter time with a lower power production. This may be due to inhibitory eff ects resulted from the formation of metabolic byproducts such as organic acids, formic acid, lactic acid, and acetic acid at high concentration (30) . This exhibits a deteriorating eff ect on the bacterial metabolism, thus inhibiting the growth. Moreover, the high substrate concentration restricts bacteria to utilize carbon contents of the electron donors. This was due to inhibition of proteinaceous enzymes that reduce the microbial ability to breakdown proteinaceous resources(31).
Conclusion
This study has illustrated the eff ect of electron donor concentration and type on the power output of a double chamber MFC. Various simple substrates such as glucose, fructose, and sucrose were used as electron donors with P. aeruginosa as the biocatalyst for generation of electric energy in the double chamber MFC. Several concentrations of carbon substrates at the range of 1-5 g.L -1 were studied. The experimental results have revealed that optimum concentration for the maximum performance of MFC was 3 g.L -1 for glucose and fructose, whereas, it was 4 g.L -1 for sucrose. Comparing diff erent carbon substrates as the electron donors, glucose has resulted in the maximum power density (i.e., 136 mWm -²) and the current density of 673 mAm -² at a concentration of 3 g.L -1 . Moreover, this study has demonstrated that COD removal effi ciency has a direct relation with the current generation rate. Furthermore, results have indicated the impact of substrate inhibition eff ect on the MFC performance.
